A Real-Time Autonomous Rover Navigation System

Ayanna Howard, Homayoun Seraji
Jet Propulsion Laboratory
Cdifornia Ingtitute of Technology
Pasadena, CA 91109, USA

ABSTRACT

To enable redl-time autonomous navigation, a mobile robot is equipped
with ontboard processng power, image-processng dgorithms, and a
fuzzy computation engine that dlow the rover to safdy navigate to a
desgnated god while avoiding obstacles and impassble terrans. The
underlying architecture discussed  in this  paper  utilizes red-time
measurement of terrain characteristics and a fuzzy logic framework for on
board andyss of teran traversadility. The overdl navigaion drategy,
condging of terran-traverse and goa-seeking behaviors, requires no a
priori information &bout the environment, and uses the onboard
traversability andyds to enable the rover to sdect easy-to-traverse paths
to the god autonomoudy. The rover navigation sysem is tested and
vdidated with a st of phydcd rover experiments. These experiments
demondtrate the real-time capability of the navigation system.
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INTRODUCTION

Exploration of planetary surfaces by autonomous mobile robots offers severd technicd
chdlenges Plangtary rovers must have the &bility to operae autonomoudy and
intelligently on chdlenging terrains with minima interaction with human operators. The
rover must have “onboard inteligence’” needed for long-range traverses in highly-
ungructured and poorly-modded naturd terrains. Their on-board intdligence must be
capable of real-time navigation and motion control based on poor and noisy sensory data
To this effect, the rover must possess the ability to navigate a path to a specified god, in
the presence of sensor uncertainty, while not exposing the rover to any undue risk.

The devdopment of a comprehensve sysem for robust and safe navigation of
plangtary rovers operating on chdlenging terrains has been inadequately addressed in
previous research efforts [1-4]. To address this issue, an on-board rover navigaion
system for mobile robots operating on natural terrains has been constructed. Based on the
physical properties of the terran (such as dope and roughness), the suitability of the
terrain for traversd is represented using a recently developed Fuzzy Traversability Index
[5]. The terrain's physica properties are extracted from the images obtained by a triple
pair of stereo cameras cgpable of viewing the 180° region located in front of the rover.



The use of the fuzzy traversdbility index dlows the terran assessment adgorithm to
directly account for sensor uncertainty and noise while dill maintaining its robustness.
The outcome of the assessment dgorithm is directly incorporated into a st of fuzzy
navigation rules that physicaly guide the rover toward the safest and the most traversable
terrain. This rule st is integrated with fuzzy rules for god seeking to condruct an
autonomous navigation drategy for a mobile robot that requires no a priori knowledge
about the environment. The following sections gives an overview of this red-time
autonomous navigation system.

NAVIGATION BASED ON TERRAIN CHARACTERISTICS

In a recent paper [5], the concept of the Fuzzy Traversability Index is introduced as a
ample measure for quantifying the suitability of a natura terrain for traversd by a rover.
Two important attributes that characterize the difficulty of a terrain for traversd are the
dope and roughness of the region. The Traversability Index can thus be defined in terms
of these two physical variables.

Terrain Roughness. The teran roughness b is represented by the linguistic fuzzy sats
{SMOOTH, ROUGH, ROCKY}, with the trapezoidd membership functions shown in
Figure 1. The terrain roughness is derived directly from the rock size and concentration
parameters of the associated image scene. Fird, an dgorithm for determining the rock
dze and concentration of a viewable scene is applied to a par of uncalibrated stereo
camera images [6]. These inputs are characterized by the trgpezoidd linguidtic fuzzy sets
{SMALL, LARGE} for sze and {FEW, MANY} for concentration, and are used as
inputs into the fuzzy rules summarized in Teblel.
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Tablel. Fuzzy rulesfor roughness Figure 1. Fuzzy membership functions: Terrain Roughness

Terrain Sope: The terrain dope a is represented by the linguidic fuzzy sets {FLAT,
SLOPED, STEEP}, with the trgpezoidd membership functions shown in Figure 2.
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Figure 2. Fuzzy membership functionsfor terrain slope.

To obtain the dope from a pair of stereo camera images, the red-world Cartesan X, vy, z
components of the ground plane boundary are first cdculated as in [6]. These points are
then usad as inputsinto the following dope equation:
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Traversability Index: Once the dope a and roughness b parameters are caculated, the
Traversability Index t is computed in order to classfy the ease of terrain traversal. The
Traversability Index t is represented by the linguisic fuzzy sats {LOW, MEDIUM,
HIGH}, with the trgpezoidd membership functions shown in Figure 3. The Traversability
Index t is defined in terms of the terrain dope a and the terrain roughness b by a set of
ample fuzzy relaions summarized in Tablell.
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Terrain-Based Navigation Rules

Terran-based navigation rules are developed to safely navigate a rover from a known
initid pogtion to a user-specified god podtion. The basic idea behind the terrain-based
navigation rulesisthat the rover triesto:
- Rotate to face the terran region with the highest Traversability Index, i.e, the
safest and the most traversable region is chosen.
Adjust its speed based on the qudity of the terrain to be traversed in order to
ensure rover safety and avoid damaging the rover.
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Figure 4. Partitioning of traversability regions

The terrain in front of the rover is partitioned into three 60° sectors covering a distance
of up to aout 5 meters in range (Figure 4). The Traversability Indices for these regions
are computed from the measurements of the terrain dope and roughness as described
above. The onboard software then uses the fuzzy rule set to compute the three
traversability measures and to sdect the most traversable region. Once the direction of
traverse is chosen, the rover speed can be determined based on the vaue of the
Traversability Index for the selected sector. A st of fuzzy rules for terrain-based
navigation can be found in [5].



GOAL-BASED NAVIGATION RULES

Goal-based navigation involves navigating the robot from its current podtion to the
desired god postion. The basic idea behind the navigation rules is that the robot tries to:
(1) approach the goal with a speed proportiond to the distance between the current
postion and the god postion, and (2) rotate toward the god postion by nullifying the
“heading error”, which is the angle by which the robot needs to turn to face the god
directly. A set of fuzzy rules for god-based navigation can be found in [9].

BEHAVIOR INTEGRATION

Once the recommendations from the teran-based and god-seeking navigation
dgorithms are generated, they must be integraied to form a unified autonomous
navigation drategy. This task is accomplished by usng appropriate weighting factors to
congtruct the combined, coordinated control actions for the rover navigation. A method
for behavior integration is described in [5].

EXPERIMENTAL SYSTEM

Figure 5. Pioneer AT Mobile Robot with enhancements

The Poneer AT (All-Terrain) Mobile Robot is used to host the navigation agorithms and
test the red-time decisonrmeking capability of the navigaion behaviors. A traler is
fabricated in-house and is attached to the back of the Fioneer to carry the on-board
computer chasss and a second battery. Figure 5 shows the enhanced Pioneer rover,
together with on-board processng power, two 4-input framegrabber boards, and six
CMOS NTSC video cameras. Figure 6 shows the physicd layout of the camera platform.
The cameras are placed such that the lens centers are 740mm above the ground, the
opticd axis of each camera is tilted down by &, and the intersecting origin of dl cameras
is centered above the rover wheds In addition, the sereo basdine length is set to
500mm. Figure 7 shows the pogtions and orientations of al sSx cameras on the horizontdl
plane. This camera placement scheme provides the rover a viewable distance of about 5
meters, which is derived from the following equation [9]:
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where b is the stereo basdine, r is the stereo pixe resolution, p is the radian pixd Sze,
and d isthe viewable digance in meters.

The processing power on-board the rover consists of a 333 MHz Pentium |l processor
housed in a CompactPCl chasss running the Linux Operating System. Resident on the
computer are the image processng dgorithms and the fuzzy computation engine used to
cdculate the trandationa and rotationd speed commands sent to control the whed
motors. An externd lgptop computer, running Linux, is linked to the rover through an RF
modem pair. The laptop alows the user to specify desired god positions for the rover.
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Figure 7. Camera positions and orientations

NAVIGATION EXPERIMENTS

Udng this hardware platform, physcd rover experiments are performed in the JPL Mars
Yad to smulae planetary-like terrain conditions. The red-time terain  assessment
dgorithm involves using three pairs of stereo images representing a 180° fidd of view
and processing terrain qudity information a a disance of up to 5 meters in front of the
vehicle. Figure 8 shows a typical panoramic image of the three stereo pairs with the left,
front and right views of the panorama shown from |eft to right.



Figure 8. Image sets from three on-board stereo cameras

Each par of dereo images is input into the dope and roughness image processing
agorithms described above. Once the terrain characterigtics are extracted, the outcome is
used for evduding the Traversability Index for each region. The processing time for the
terrain assessment agorithm is less than 2 seconds CPU time. Figures 9-10 present two
case dudies vdidating the navigation cgpability of the rover. Tables IlI-1IV show the
cdculated traversability parameters and the trandationa output values determined from
the terrain-based navigation rules. As shown in Figure 9-10, the safest traversable region
for the rover is chosen by the system for traversal.

L eft Front Right
Slope LOW LOW LOW
. Roughness ROUGH | SMOOTH | ROUGH
Traversability MED HIGH MED
Velocity FAST

Figure 9. Case study one Tablelll: Case Study One

L eft Front Right
Slope LOW LOW LOW
Roughness ROUGH | ROUGH ROUGH
Traver sability MED MED MED
Velocity MODERATE
Figure 10. Case study two TableV: Case Study Two

CONCLUSIONS

This paper presents a red-time autonomous navigation sysem for a mobile robot
operating on naurd terrains. The implementation of the fuzzy logic methodology and ont
board terrain assessment dgorithm is shown to provide a naura framework for
representing the physca charecterigics of the terrain. Through experimentation, it is
shown tha the integration of fuzzy rules for terrain-traverse and goa-seeking behaviors
dlows the condruction of an autonomous navigation drategy for a mobile robot that
requires no a priori knowledge about the environment. Future research will be focused on



integrating a fuzzy-based real-time collison avoidance dgorithm into the complete
navigation strategy and performing severd fidd testings.
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